Nonindigenous bigheaded carps (Bighead Carp Hypophthalmichthys nobilis and Silver Carp H. molitrix; hereafter, "Asian carps" [AC]) threaten to invade and disrupt food webs and fisheries in the Laurentian Great Lakes through their high consumption of plankton. To quantify the potential effects of AC on the food web in Lake Erie, we developed an Ecopath with Ecosim (EwE) food web model and simulated four AC diet composition scenarios (high, low, and no detritus and low detritus with Walleye Sander vitreus and Yellow Perch Perca flavescens larvae) and two nutrient load scenarios (the 1999 baseline load and 2£ the baseline [HP]). We quantified the uncertainty of the potential AC effects by coupling the EwE model with estimates of parameter uncertainty in AC production, consumption, and predator diets obtained using structured expert judgment. Our model projected mean § SD AC equilibrium biomass ranging from 52 § 34 to 104 § 75 kg/ha under the different scenarios. Relative to baseline simulations without AC, AC invasion under all detrital diet scenarios decreased the biomass of most fish and zooplankton groups. The effects of AC in the HP scenario were similar to those in the detrital diet scenarios except that the biomasses of most Walleye and Yellow Perch groups were greater under HP because these fishes were buffered from competition with AC by increased productivity at lower trophic levels. Asian carp predation on Walleye and Yellow Perch larvae caused biomass declines among all Walleye and Yellow Perch groups. Large food web impacts of AC occurred in only 2% of the simulations, where AC biomass exceeded 200 kg/ha, resulting in biomass declines of zooplankton and planktivorous fish near the levels observed in the Illinois River. Our findings suggest that AC would affect Lake Erie's food web by competing with other planktivorous fishes and by providing additional prey for piscivores. Our methods provide a novel approach for including uncertainty into forecasts of invasive species' impacts on aquatic food webs.
Invasive species are a major stressor on biodiversity, energy flow, and productivity in terrestrial and aquatic ecosystems. Currently, we lack an effective way to predict their impacts on food webs prior to establishment . Such information and its associated uncertainty is instrumental for decision makers because not all nonindigenous species pose a threat. Knowledge of those species that may damage an ecosystem must be quantified to effectively allocate resources for prevention and control. Past efforts to forecast the ecological impacts of nonindigenous species in new environments have been based on the invasion history of target species (Ricciardi 2003; Kulhanek et al. 2011) or comparisons of the functional traits of the nonindigenous species with those of the native species residing in the recipient community (Kolar and Lodge 2002; Dick et al. 2013) . Introduced species can also have impacts that vary across space and time, which can present substantial challenges to accurately forecasting the impacts of nonindigenous species in novel environments (Branch and Steffani 2004; Ricciardi and Kipp 2008) . Furthermore, when combined with other stressors (e.g., excess nutrient loading), the impacts of nonindigenous species can lead to complex, profound, and long-term changes (or regime shifts) to the recipient ecosystems (Madenjian et al. 2013) . To assess the potential ecosystem impacts of these synergistic and complex interactions, ecosystem models have increasingly been adopted to predict food web responses to the introduction of nonindigenous species (Pine et al. 2007; Langseth et al. 2012; Pinnegar et al. 2014) .
In the Laurentian Great Lakes there are at least 184 established nonindigenous species (Ricciardi 2006) , with many other species having a high potential to become established (Snyder et al. 2014) . Two species of concern to the Great Lakes watershed include the Silver Carp Hypophthalmichthys molitrix and Bighead Carp H. nobilis (Kelly et al. 2011) . Silver and Bighead carp, collectively known as bigheaded carps (henceforth referred to as "Asian carps" [AC]), are filter feeders that consume phytoplankton, small zooplankton, detritus, and bacteria Sampson et al. 2009 ) and that have high rates of consumption, growth, and fecundity (DeGrandchamp et al. 2007 ). Asian carps have created unwanted impacts in systems where they have invaded (Cudmore et al. 2012) . For example, in the Illinois River AC populations have increased exponentially (Chick and Pegg 2001) and have outcompeted native planktivores, leading to declines in native fishes (Schrank et al. 2003; Williamson and Garvey 2005; Sampson et al. 2009 ). Asian carps are currently established in watersheds adjacent to the Great Lakes. Furthermore, AC have been detected in the Great Lakes; three Bighead Carp have been collected in western Lake Erie since the 1990s (Morrison et al. 2004) , and AC environmental DNA (eDNA) has been detected in tributaries to Lake Michigan as well as in Lake Erie (Jerde et al. 2011 (Jerde et al. , 2013 . Thus, the potential is very real for AC populations to become established in the Great Lakes and to impact food webs there.
Of all the Great Lakes, Lake Erie may be the most susceptible to AC. Lake Erie is at high risk owing to its connectivity to watersheds where AC occur (Kocovsky et al. 2012; Murphy and Jackson 2013) , its high productivity (Cooke and Hill 2010; Cudmore et al. 2012) , and the availability of suitable spawning habitats (Kocovsky et al. 2012 ) and adequate food (Anderson et al. 2015) . Asian carps may directly disrupt the Lake Erie food web by competing with native planktivores and have a negative effect on fish recruitment by reducing prey for larval fishes. However, these negative effects may be IMPACTS OF BIGHEADED CARPS ON LAKE ERIE FOOD WEB countered by the potential of young AC to become an alternative prey for native predators (e.g., Walleye Sander vitreus, Yellow Perch Perca flavescens, and Smallmouth Bass Micropterus dolomieu). Food web models can capture the complexities of large aquatic ecosystems and track the direct and indirect response of the food web to perturbations to the system (e.g., a new invader). However, as model complexity increases, the ability to estimate model parameters and their uncertainty is reduced.
In this study, we combined a food web model, Ecopath with Ecosim (EwE) (Christensen and Walters 2004) , with a novel approach to estimating parameter values with uncertainty called structured expert judgment (SEJ; Wittmann et al. 2015) to forecast with uncertainty the potential changes in the Lake Erie food web following the establishment of AC. We hypothesized that if AC were to become established in Lake Erie they would deplete the plankton in the water column and reduce the biomass of planktivores through competition for prey. We also hypothesized that the impacts of AC would differ depending on the productivity (nutrient loading) of the Lake Erie ecosystem and the availability of AC to piscivores. Specifically, we expected that higher nutrient loads would support higher biomass of AC and greater productivity of lower trophic levels, thus reducing the negative effects on native fishes. High availability of young AC to native piscivores would lower AC population growth and equilibrium biomass. In contrast, we hypothesized that if AC were to consume the larvae of other fishes, their impacts on fish recruitment would be greater.
STUDY AREA
Lake Erie is the smallest of the Laurentian Great Lakes by volume (480 km 3 ) and the second smallest by surface area (25,657 km 2 ); it is also the shallowest (mean depth D 19 m) and most productive (spring average chlorophyll a D 11 mg/L) ( Figure 1 ; Bolsenga and Herdendorf 1993; ) and has been affected by multiple anthropogenic stressors, including eutrophication, contaminants, wetland destruction, and invasive species introductions (Koonce et al. 1996; Ricciardi 2006; Dolan and Chapra 2012) . Lake Erie contains three basins that differ in their physical and biological characteristics (the western, central, and eastern basins; Figure 1 ). In particular, Lake Erie's western basin is warmer and more productive and has more suitable spawning and nursery habitats for AC and native fishes than the central or eastern basins; thus, it has the highest potential for overlap between AC and native fishes. However, we chose to model the impacts of AC FIGURE 1. Map of Lake Erie showing its bathymetry and the delineation (by dotted lines) of the western, central, and eastern basins. 138 on the food web of the lake as a whole instead of just the western basin for the following reasons. First, most of the prey fish species are found in all three basins, and many economically important species migrate among basins, including Walleyes (Wang et al. 2007) and Lake Whitefish Coregonus clupeaformis (Oldenburg et al. 2007) . Second, AC are mobile fish and can travel an average of 7 km/d (Bighead Carp) and 11 km/d (Silver Carp), with a daily maximum of 64 km in rivers (DeGrandchamp et al. 2008) . It is thus possible that they traverse multiple basins in Lake Erie. Finally, AC thrive in Lake Balaton, Hungary (Boros et al. 2014 ), a lake with a productivity comparable to that of the central basin of Lake Erie. Thus, the impacts of AC would be on a whole-lake scale.
METHODS

Ecopath with Ecosim
Ecopath with Ecosim (EwE) is a free ecosystem modeling software suite (http://www.ecopath.org/index.php) that is used to construct mass-balance trophic models of ecosystems (Christensen and Walters 2004) . It has been used to study the effects of natural and anthropogenic stressors on ecosystems (Walters et al. 2008 ) and now is frequently used to study the effects of nutrient loading and invasive species on aquatic ecosystems (Blukacz-Richards and Koops 2012; Kao et al. 2014) .
We selected EwE over other food web modeling approaches because it is a well-known and accepted tool that can capture the direct and indirect effects on the food web resulting from perturbations to the system (e.g., Kitchell et al. 2000) . In addition, the effects of AC are also likely modified by nutrient loading (Costa-Pierce 1992), and EwE has the ability to model various nutrient input scenarios. The EwE model is a popular choice given its moderate level of complexity, fast run time, and capacity to be linked to a generalized economic model of Lake Erie (J. Apriesnig and coworkers, Colorado State University, unpublished data). Details about Ecopath with Ecosim can be found in the user's manual as well as in many previous studies (e.g., Christensen and Walters 2004; Langseth et al. 2012; Kao et al. 2014) . We also briefly describe the model in Supplement A.
Base Ecopath Model for Lake Erie
We used the standard version (6.3.909.0) of EwE for our modeling exercise. Our base Ecopath model of Lake Erie without AC consisted of 47 model groups including birds, fish, benthos, zooplankton, protozoa, bacteria, algae, and detritus (Table 1) . We modeled four fish species (Walleye, Yellow Perch, Lake Trout Salvelinus namaycush, and Rainbow Trout Oncorhynchus mykiss) with more than one life stage. We modeled Walleyes and Yellow Perch over multiple life stages because they are important fishery species with well-documented life history data and the multistanza approach allowed simulations of larval fish predation scenarios (see below). We modeled Lake Trout and Rainbow Trout over only two stages because these two species are stocked and there is little evidence of natural reproduction. We estimated input values for biomass (B), the ratio of production to biomass (P/B), and the ratio of consumption to biomass (Q/B) as well as diet composition from the published literature, field surveys, agency technical reports, and personal communications (Supplement B).
We balanced the Ecopath model using data from 1999 to 2001 (Supplement B) and then used Ecosim to simulate Lake Erie food web dynamics under forcing functions for nutrient loading, fish stocking, and fishery catches from 1999 to 2010 without AC . We first used the time series fitting procedure in Ecosim to fit the model to the observed time series for 14 trophic groups. To further tune the model, we manually changed some of the coefficients of vulnerability of prey to predators until predicted biomasses matched the observed values and the error sums of squares were minimized. Vulnerability coefficients are the major parameters that are typically used to calibrate Ecosim models, as they define the transfer rates of prey between vulnerable and invulnerable components. High vulnerability coefficients indicate high prey availability. To further assess model performance, we compared the average biomass and coefficient of variation (CV D SD/mean) of each trophic group in simulated and observed time series.
Structured Expert Judgment
To determine the unknown parameter values of AC for EwE, we used structured expert judgment (SEJ) to quantify the uncertainties associated with the establishment of AC in Lake Erie (Wittmann et al. 2015) . Structured expert judgment is a performance-based method of aggregating expert judgments (Cooke 1991 ) that has been used in a variety of applications (Goossens et al. 2008) . Most recently, SEJ has been used in ecological settings to identify uncertainties with respect to biological invasions, including the effects of shipborne invasive species on ecosystem services (Rothlisberger et al. 2012) and the ecological effects and prevention of AC in the Great Lakes (Wittmann et al. , 2015 . Expert knowledge can be a valuable decision support tool in scenarios for which data are nonexistent, sparse, or debated (Aspinall 2010) .
We used SEJ to estimate median values and uncertainty for the following key input variables for AC: P/B, Q/B, and the fractional composition of AC in the diets of potential predators. Cooke et al. (2014) and Wittmann et al. (2015) provide detailed descriptions of SEJ theory and its application to uncertainty estimation for the impacts of AC on selected species in the Lake Erie food web. In brief, during an in-person elicitation interview (each expert was interviewed individually), fisheries experts (n D 11) estimated the 5th, 50th, and 95th percentiles of their subjective probability distributions for the above Ecopath parameters under a scenario of AC IMPACTS OF BIGHEADED CARPS ON LAKE ERIE FOOD WEB establishment in Lake Erie. The expert responses were then aggregated according to a performance-based methodology whereby each expert's performance was evaluated relative to a set of calibration variables, i.e., variables whose true values became known after the interviews ). This information was then used to weight each expert's response and aggregate all of the experts' responses to create a single subjective probability distribution for each AC input parameter in the Ecopath model.
Adding AC to the EwE model
Our base EwE model did not include AC and thus was named "noAC." To simulate the population increase of AC in the Lake Erie food web, we added AC after calibrating the base model. For each AC species (Silver Carp and Bighead Carp), we simulated scenarios with two age-groups: age 0 (up to 12 months) and yearling and older (age 1C; >12 months). We modeled age-0 AC as a separate trophic group because these individuals are small enough to be vulnerable to predation by other food web members (thus allowing some degree of predator control on AC population growth), while age-1C AC exceed most predators' gape size (Irons et al. 2011) .
In Ecopath, we used Langseth et al.'s (2012) "method 2" to add AC. Briefly, this method sets the initial biomass of the invasive species at the beginning of the invasion to low values without creating an unbalanced food web (i.e., rebalancing Ecopath was not required) and controls the timing of population growth via an artificial source of mortality such as fishing. In our case, the initial biomass of age-0 AC (B Y ) was 0.4 kg/ha for each species. The initial biomass of age-1C AC was determined by the multistanza procedure in Ecopath (Supplement A). This resulted in average initial biomasses of 3.3 kg/ha for age-1C Silver Carp and 2.7 kg/ha for age-1C Bighead Carp. The total initial biomass of all AC life stages represented approximately 5% of the total fish biomass. We also set an initial fishing mortality on age-1C AC to be removed in Ecosim in model year 2014. The fractions of predator diets comprised of age-0 AC were selected from the subjective proportional distribution of diet fractions established by the SEJ (see Figure S .D.1 and the section "Implementation of Uncertainty in Model Simulations" below). To ensure that the Ecopath model remained balanced, we divided these diet fractions by 10. For example, if age-0 AC made up 5% (by weight) of the total adult Walleye diet (determined by SEJ), we reduced this fraction by 10-fold to 0.5% and rescaled the other prey contributions proportionately to make up the other 99.5% of the Walleye diet. The fractions of AC in the diets of predators increased proportionally with increases in AC biomass in the Ecosim simulations.
The values assigned to Q/B and P/B (or total mortality) for AC were also based on the SEJ results (Wittmann et al. 2015) . A Q/B value was assigned to age-1C AC from the SEJ distribution, and one for age-0 AC was determined by the Ecopath multistanza procedure. The P/B was estimated for the entire AC population from the SEJ, then partitioned into values for age-0 AC (P/B Y ) and age-1C AC (P/B A ) (Appendix A.1; Figure S.D.1). We modified the AC diet composition from study, which reported that both species consumed detritus, bacteria, phytoplankton, and zooplankton, but in different quantities ( Table 2) .
In Ecosim, we assumed that the vulnerability of prey (PreyV) to AC was similar to the vulnerability of prey to Gizzard Shad Dorosoma cepedianum (PreyV D 11), a dominant planktivorous fish in Lake Erie with similar prey preferences and feeding mechanisms (Sampson et al. 2009 ). We also assumed a default value of 2 for the vulnerability of age-0 AC to their predators. From preliminary model simulations, we expected that the population growth and food web impacts of AC would vary depending on our assumptions for the vulnerability of prey to AC (PreyV) and the vulnerability of age-0 AC to predators (ACV). These values define the strength or control between trophic interactions in the diet matrix in Ecopath. Although a comprehensive sensitivity analysis of the model simulations (Bartell et al. 1986) to the variability in model input parameters was beyond the scope of this paper, we bounded the vulnerability parameter to determine the sensitivity of the results to parameter estimation. We varied PreyV from 1 to 2 (the default value), 11, and 20 while keeping ACV D 2; we also varied ACV from 1 to 2 (the default value), 4, and 20 while keeping PreyV D 11.
To simulate AC invasion in 2014, we forced the biomass of AC groups to be low using a time series of constant biomass of 0.01 kg/ha from 1999 to 2013 and a fixed fishing mortality. In 2014, we removed fishing mortality and let AC populations grow. We set the maximum relative feeding time (Christensen et al. 2005) to 20 to maintain the density dependency assumption of the foraging arena (Ahrens et al. 2012 ). We did not change any other parameter value for other model groups in Ecopath before running the simulations in Ecosim.
Simulation Scenarios
Detrital diet.-Rather than just assuming a fixed diet of phytoplankton for Silver Carp and zooplankton for Bighead Carp (Cooke and Hill 2010) , we also ran simulations to quantify the effect of differences in AC diets on the Lake Erie food web. Several studies have indicated that detritus is a substantial source of food for AC ; Costa-Pierce 1992; Duane Chapman, U.S. Geological Survey, personal communication), while other studies suggest that AC rely mainly on phytoplankton and zooplankton (Williamson and Garvey 2005; Sampson et al. 2009 ). An extensive literature review of Silver Carp feeding ecology suggests that AC are opportunistic feeders and consume whatever is available (Costa-Pierce 1992). The variability in AC diets suggests that they can easily adapt to new environments with different food resources (Calkins et al. 2012) . To assess how the relative contribution of TABLE 1. Model groups in the EwE model and parameter values in the balanced Ecopath model without AC. Abbreviations are as follows: B D biomass (kg/ha), P/B D the yearly production-biomass ratio, Q/B D the yearly consumption-biomass ratio, EE D ecotrophic efficiency, i.e., the fraction of production that is used in the system, and TL D trophic level. The balanced Ecopath model represents the Lake Erie food web during 1999.
Group
Species detritus to AC diets affects the food web, we ran simulations using three AC diet detritus levels: high (AC_HD), using level derived from AC diet studies in Lake Donghu; low (AC_LD), using one-half of the AC_HD level; and none (AC_ND). We assumed that the detritus levels in Lake Erie were lower than those in Lake Donghu based on the reported values of total phosphorus and particulate organic carbon (Liu et al. 2000; Havens et al. 2001; Smith et al. 2005; Upsdell 2005 ). In addition, Lake Donghu is much shallower (mean depth D 2.8 m) than Lake Erie, so that sediment resuspension is likely to be much more common in Lake Donghu than in Lake Erie. Suspended detritus is more available to AC than that on the bottom. As we decreased the fraction of detritus in the diet, we reapportioned it to algae for Silver Carp and to zooplankton for Bighead Carp. In the scenarios involving fish larvae in AC diets, we used the AC_LD model and modified the AC diet composition to include fish larvae.
Feeding on larval fish.-We have found no evidence in the published literature that AC consume larval fish or fish eggs. However, several management biologists and SEJ experts in the Great Lakes have suggested that AC probably feed on fish larvae given how flexible they are in their diet composition (Wittmann et al. 2015) and the occurrence of AC adults on Walleye and Yellow Perch spawning grounds when larvae of those species are present (Cudmore et al. 2012; Kocovsky et al. 2012; Wang et al. 2012) . To test the hypothesized effect of predation on Walleye and Yellow Perch larvae by AC, we assumed that AC had equal preferences for percid larvae and cladocerans in order to calculate the fraction of larval percids in the AC diet. That is, the ratio of the fraction of percid larvae in the AC diet to that of cladocerans was set equal to the ratio of the biomass of percid larvae in the environment to that of cladocerans. Since the biomass of percid larvae was much lower than that of cladocerans, the resulting diet fraction of percid larvae was very low. We averaged the diet fraction over 12 months, as Ecosim runs on a time step of 1 month. We then adjusted the total diet fraction to 1 using the procedure described above for adding AC to AC predators' diet. This scenario was referred to as AC_LF.
Nutrient loading.-We ran the above simulations under the observed 1999 nutrient load (baseline) conditions. However, given the likelihood of increased nutrient loads under conditions of changing climate and land use (Michalak et al. 2013) , we also ran simulation scenarios under the nutrient loads observed in 2007, which were twice as high as the 1999 levels (Dolan and Chapra 2012) . This scenario is referred to as AC_HP. In addition, to assess the net impacts of AC on the food web under high phosphorus loading conditions, we also ran the noAC model with high phosphorus loads (twice the baseline loads), a scenario referred to as noAC_HP.
Implementation of Uncertainty in Model Simulations
We used an inverse transform sampling procedure (Figure S.D.2) to sample from the distribution of potential parameter values (as determined by SEJ) for the model runs. This procedure randomly and independently selected values from the subjective probability distributions for the AC parameters P/B, Q/B, and the fraction of AC in predator diets. After 
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partitioning P/B into predation mortality, fishing mortality, and other mortality and scaling down the fraction of AC in predator diets, we updated these values in the Ecopath model with AC. Next, we checked the balance of the food web in Ecopath (to ensure that ecotrophic efficiency 1 and consumption > growth and wastes for all model groups), and if the food web balanced we used Ecosim to simulate the ecosystem response to AC invasion under that value set. If the model did not balance, we discarded the selected input value set and selected another random set of values. This process was repeated 100 times (Figure S.D.1). When the Ecopath model was successfully balanced, we ran Ecosim and obtained the simulated AC biomass over a 120-year period after the introduction of AC (a total of 134 years). We ran the simulations for this long to ensure that the biomass of trophic groups reached equilibrium (the trophic response usually reached equilibrium about 20 years after introduction in 2014). We then averaged the changes in the simulated biomass of model groups over the last 10 years of the simulation (i.e., years 125-134) and retained the range of model output for each group.
To determine the changes in the food web, for each model run we calculated the difference in the biomass of each trophic group i between the AC simulations and baseline conditions (B i,AC -B i,noAC ) as well as the percent difference
Similarly, for the scenario with high phosphorus loading we calculated the difference in the biomass of each trophic group between the AC_HP simulation and the simulation with no AC and high phosphorus loading (B i,AC_HP ¡ B i,noAC_HP ) as well as the percent difference
We report the mean § SD of absolute biomass (Table S. considered a >25% change in a state variable (i.e., equilibrium biomass with no AC) in response to a manipulation (i.e., AC introduction) to indicate an ecologically significant change in the food web. If the response was <25%, we considered it ecologically insignificant or within the range of error of the empirical data used to estimate the model parameters.
Due to the large number of simulation runs (n D 428), it is impractical to summarize the changes in trophic interactions after AC introduction for all food web members for each scenario. For selected trophic groups, we report the consumption rate and fractional composition of the top five prey groups in predator diets from a single run of each scenario, along with predation mortality on prey before and after the introduction of AC.
RESULTS
Balanced Ecopath Model and Ecosim Calibration without AC
The biomass, production, consumption, ecotrophic efficiency, and trophic level of all food web components in the balanced Lake Erie Ecopath model are shown in Table 1 .
Gizzard Shad has the highest fish biomass (28.97 kg/ha), followed by Rainbow Smelt, Round Goby, shiners (Cyprinidae), and Freshwater Drum. The adult population biomasses of Walleyes and Yellow Perch were 7.39 and 6.09 kg/ha, respectively, while those of White Perch and White Bass were both 3.1 kg/ha. The biomass of waterbirds was relatively low (0.05-0.12 kg/ha). The remaining nearshore and coldwater species had much lower biomass (<0.5 kg/ha). Waterbirds, Walleyes, Burbot, White Bass, Smallmouth Bass, and Lake Trout were among the top predators in the Lake Erie food web, with trophic levels above 4.0; these predators fed primarily on other fish groups (Tables 3, 4), while other fish groups had trophic levels between 3 and 4 ( Table 1 ). Gizzard Shad, suckers (Catastomidae), and Common Carp consumed a relatively large amount of detritus or benthos (Tables 4, 5) . Benthos and zooplankton mainly fed on detritus and phytoplankton and were characterized by trophic levels between 2 and 3. Predatory cladocerans, which consumed other zooplankton, had a higher trophic level of 3.4 (Tables 1, 6 ).
The Ecosim model projections agreed with the observed biomass dynamics for most groups, having similar means and coefficients of variation ( Figure 2 , Table 7 ; error sum of Table 7) .
Model Sensitivity to Vulnerability Parameters
The biomass of all four AC model groups was more sensitive to the vulnerability of prey to AC (PreyV) than to the vulnerability of age-0 AC to AC predators (ACV) (Figure 3) . For example, the biomass of age-1C Silver Carp ranged from 7.4 to 81.7 kg/ha when PreyV was varied (ACV D 2) but only from 47.4 to 48.1 kg/ha when ACV (PreyV D 11) was varied. Moreover, selected food web groups showed larger biomass changes with changes in PreyV (Figure 4 ) than with changes in ACV ( Figures A.3 .4, S.D.7).
Uncertainty Analyses using SEJ
The numbers of successfully balanced Ecopath models were similar among simulation scenarios. Depending on the scenario, from 81% to 88% of the Ecopath model iterations achieved mass balance and were used in Ecosim simulations (Table A. 2.2,). The causes of unbalanced Ecopath models included high predation mortality on age-0 AC (the predominant cause), zero consumption by age-1C AC, negative AC respiration (consumption was less than production), high predation on zooplankton groups, and high predation mortality by AC on larval Walleyes (Table A. 
2.3).
AC Biomass
Our model showed that it took about two decades for AC to establish a stable population in Lake Erie after invasion ( Figure 5 ). The mean § SD total AC biomass at the end of the 120-year simulation ranged from 52.4 § 33.6 to 104.3 § 74.9 kg/ha across all scenarios ( Figure 5; Table A.2.3) . The scenarios with no detritus produced the lowest mean AC biomass, while those with high phosphorus loads produced the highest. The biomass of age-0 Silver Carp ranged from 1.6 § 0.2 to 2.3 § 0.3 kg/ha, and that of age-0 Bighead Carp was similar (1.4 § 0.2 to 2.4 § 0.3 kg/ha). The biomass of age-1C Silver Carp ranged from 27.4 § 26.4 to 51.5 § 65.0 kg/ha, and that of age-1C Bighead Carp ranged from 21.9 § 23.0 to 48.2 § 42.3 kg/ha (Table A. 2.3). The maximum total AC biomass for all scenarios at the end of the simulations was 
Food Web Responses to AC Introduction
Detrital diet scenarios.-The food web responses to the introduction of AC were similar across scenarios with different levels of detritus in the AC diet. The biomass of most planktivore and piscivore groups tended to decrease relative to the baseline scenario ( Figure 6 ; Table S.C.2). Under the three detrital scenarios, adult Walleye biomass decreased by 8.7 § 13.2% to 12.3 § 11.2%, adult Rainbow Trout biomass by 13.3 § 12.0% to 15.3 § 13.1%, Gizzard Shad biomass by 24.3 § 9.0% to 26.5 § 10.4%, and shiner biomass by 32.3 § 17.3 to 36.6 § 15.6%. Walleye consumption of prey was lower than in the baseline simulation without AC (Figure 7) . Although Walleye consumption of age-0 AC constituted as much as 18% of their diet, the age-0 AC did not compensate for the loss of other prey fish in Walleye diets. Several fish species increased in biomass in response to the AC invasion. For example, the biomass of Smallmouth Bass increased by 13.2 § 17.0% to 16.0 § 16.7% and that of adult Yellow Perch by <5 § 15%. The increase in the biomass of Smallmouth Bass was attributable to increased consumption, with age-0 AC contributing about 18% of their diet (Figure 7) . The consumption of prey by Gizzard Shad and shiners decreased by averages of FIGURE 2. Model calibration of selected species/groups in the Lake Erie EwE model. The lines represent model-simulated biomass values, and the circles are empirical observations from resource agency monitoring surveys. There were 12 years of observed biomass data for fish species (1999-2010), 9 years for plankton groups (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , and 8 years for benthic groups (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . See Table 1 for full species/group names.
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15% and 41%, respectively, under the detrital diet scenarios, but the predation mortality on these two groups was slightly lower than in the baseline (Figure 8 ). The biomass of omnivorous fish showed a variable response to the simulated AC invasion ( Figure 6 ; Table S . C.2). Species that feed more on pelagic prey decreased in biomass, while species that feed more on benthic prey either increased or showed no change in biomass. For example, in the AC_LD scenario the biomass of White Perch decreased by an average of 45.9 § 39.4% while that of Lake Whitefish increased by an average of 6.9 § 5.1%. White Perch consumption decreased by 40-54% under the detrital scenarios (Figure 8 ). The biomass of benthivorous Round Goby decreased slightly (by 5.2 § 2.9%) due to increased predation by Smallmouth Bass.
Although the biomass of most benthic invertebrate groups increased slightly, that of the mollusk and dreissenid groups decreased in response to the AC invasion ( Figure 6 ; Table S . C.2). In general, the percentage changes were very small. Zooplankton showed large decreases in biomass, while phytoplankton showed minimal changes. For example, under the AC_LD scenario the biomass of herbivorous cladocerans, copepods, and predaceous cladocerans decreased by 14.4 § 9.1%, 14.2 § 8.5%, and 24.2 § 14.9%, respectively. Under the varying detrital scenarios, the zooplankton groups decreased their consumption and experienced increases in predation ( Figure 9 ). The changes in predation mortality were larger than the changes in consumption. For example, the predation rates on predaceous cladocerans increased by 22-24%, while their consumption decreased by 12-19% compared with baseline conditions without AC. The consumption of herbivorous cladocerans decreased by 6-10%, while their predation mortality increased by 19-59%.
Larval predation scenarios.-High AC predation rates on percid larvae (mostly Walleye larvae) frequently caused mass imbalances in the Ecopath model (Table A. 2.3). Walleye larvae had a high baseline ecotrophic efficiency (0.84; Table 1 [ecotrophic efficiency refers to the fraction of the production that is used in the system]), and greater AC predation on Walleye larvae often increased the ecotrophic efficiency of Walleye larvae to >1.0, thus violating the mass balance of the model. Six of the 19 imbalanced Ecopath situations were due to the invalid ecotrophic efficiency of Walleye larvae in the scenarios with larval fish predation by AC. Compared with the baseline scenario of no AC, predation on larval fish decreased the biomass of all Walleye and Yellow Perch groups ( Figure 6 ). The biomass of larval Walleyes decreased by an average of 9.0 § 7.6% and that of larval Yellow Perch by 29.1 § 28.4% ( Figure 6 ). Other food web groups responded to the AC_LF scenario much as they did to the detrital scenarios. Nutrient loading scenarios.-High nutrient loads without AC increased the biomass of most model groups in the food web due to higher food availability ( Figure 6 ). The biomass of the piscivorous fish groups (juvenile and adult Walleyes, Rainbow Trout, and Smallmouth Bass) increased because of higher consumption of the greater prey biomass (Figure 7) . Shiner biomass increased by 142% due to higher consumption of the increased zooplankton prey biomass (Figure 8 ). Several groups decreased in biomass. Juvenile Yellow Perch decreased by 48% due to higher predation by White Perch (up 474%) on its larvae (which decreased 28%) and age-0 stages (which decreased 57%). Gizzard Shad decreased 51% due to higher predation by adult Walleyes, White Perch, and White Bass (Figure 8 ). Adult Lake Trout decreased by 30% owing to the decrease in its major prey, Rainbow Smelt (which decreased by 22%). Other lower-trophic groups increased by varying amounts in response to the higher phosphorus loads ( Figure 6 ).
Under the high phosphorus loading scenario, AC reached a high equilibrium biomass ( Figure 5 ). The biomass of juvenile and adult Walleyes increased by 9-11% due to the greater availability of food, including AC (Figures 6, 7) . The biomass of all Yellow Perch groups increased due to lower predation by White Perch and White Bass on larval and age-0 Yellow Perch and the higher biomass of benthic prey. The impacts of AC on other trophic groups under this scenario were similar to the impacts under the detrital scenarios.
Food Web Responses to High AC Biomass
In relatively few simulations, the AC biomass rose above 200 kg/ha (Table A. 2.3). The AC_HP scenario included seven runs with high AC biomass, the AC_ND scenario had no runs with high AC biomass, and each of the other scenarios had one run with high AC biomass. A high AC biomass had stronger positive and negative impacts on the biomass of other species, especially the negative impacts ( Figure 10 ). For example, the biomass of adult Walleyes decreased by 31% under the AC_HD scenario and by 43% under the AC_LF scenario. That of adult Yellow Perch decreased by 35% under the AC_HD scenario and by 63% under the AC_LF scenario. Gizzard Shad experienced a decrease of 31% under the AC_LD scenario and one of 38% under the AC_LF scenario. Emerald Shiners experienced a decrease of 84% under the AC_HD scenario, one of 49% under the AC_LD scenario, and one of 55% under the AC_HP scenario. The biomass of juvenile Yellow Perch decreased by 65, 28, and 95%, respectively, under the AC_HD, AC_LD, and AC_LF scenarios. The biomass of White Perch decreased as much as 78% under the AC_HD scenario. All zooplankton experienced decreases of 25% or more from baseline ( Figure 10 ). For example, under the AC_HD scenario the biomass of herbivorous cladocerans decreased by 39%, that of copepods by 46%, that of rotifers by 56%, and that of predaceous cladocerans by as much as 70%. Consistent with the results in the section "Food Web Responses to AC Introduction" very few groups increased in biomass under any scenario, including larval and juvenile Yellow Perch, shiners, Gizzard Shad, Lake Whitefish, catfish (Channel Catfish Ictalurus punctatus and Brown Bullhead Ameiurus nebulosus), and chironomids.
DISCUSSION
AC Impacts on the Food Web
Imbalanced Ecopath models with AC invasion.-For multiple reasons, from 12% to 19% of the Ecopath models in our study were not balanced. Further investigation into why the models did not achieve mass balance revealed scenarios in 148 which AC either failed to invade Lake Erie or had a substantial impact. Specifically, when the ecotrophic efficiency for zooplankton exceeds 1 AC can deplete zooplankton, which is a major concern of lake managers and scientists. Too heavy a degree of predation on age-0 AC suggests that they cannot invade a habitat in which the predation pressure is too high. In fact, one of the main differences between Lake Erie and the Illinois River is the higher relative abundance of predators in Lake Erie (see the discussion of predation on AC below). When AC respiration is less than 0, AC will not have enough food to support their growth, although recent bioenergetics modeling suggests that there will be sufficient food in Lake Erie to support these two species (Cooke and Hill 2010; Anderson et al. 2015) . The scenario in which the ecotrophic efficiency of larval Yellow Perch and Walleyes was greater than 1 indicates that AC predation on these larvae could cause these life stages and populations to crash. These conditions of mass imbalance suggest areas for further study.
Impacts from Ecosim models.-Relative to a baseline simulation with no AC, most model simulations projected small decreases (<25%) in the biomass of most piscivorous and planktivorous fishes and zooplankton with AC biomass levels of 50-100 kg/ha. The model results also suggest that AC will have minor effects on the benthos, phytoplankton, and bacteria in Lake Erie. Model projections of the effects of AC on most trophic levels were consistent across the phosphorus loading scenarios and across most of the detritus scenarios. Only White Perch, Gizzard Shad, shiners, and predatory cladocerans were substantially negatively affected by AC according to our threshold level of 25% change from the baseline (Kitchell et al. 2000) . At high biomass levels (>200 kg/ha), our model results were consistent with observations of the negative effects of AC on planktivorous fishes in the lower Illinois River (Calkins et al. 2012; Garvey et al. 2012 ) and in countries where they have been introduced or are native (Costa-Pierce 1992) .
Variation in the proportion of detritus in AC diets had little effect on the equilibrium biomass and ecological impacts of AC. Consumption of high levels of detritus produced essentially the same food web effects as consuming no detritus. This outcome is reasonable given that detritus was the largest biomass pool in the model and was not a major dietary component for most species groups. Several investigators (see Cudmore et al. 2012 ) report that AC can persist on diets of detritus when phytoplankton and zooplankton resources have been exhausted but that they do not grow well (Lin et al. 1981) , and FIGURE 4. Percent biomass change from the baseline condition of no AC of model groups under different vulnerabilities of prey to AC (PreyV). In these simulations, the vulnerability of young AC to predators is 2. The dashed lines represent §25% changes from the baseline condition.
IMPACTS OF BIGHEADED CARPS ON LAKE ERIE FOOD WEB
our model results suggest no added benefit of organic detritus to AC growth when plankton are available.
In our model simulations, AC consumption of percid larvae caused the biomass of young life stages of Walleyes and Yellow Perch to decline and sometimes caused imbalances in the Ecopath model due to high predation mortality on Walleye larvae. Although we could find no direct evidence in the literature that AC eat fish larvae, adult AC might consume larvae through nonselective filter feeding (Costa-Pierce 1992). Our model results suggest that the biomass of all Yellow Perch life stages would decrease significantly under the larval fish predation scenario. Although there are reports of declines in larval Saugers Sander canadensis and Catlas Gibelion catla after the introduction of Silver Carp in other countries (Berthelmes 1984 , cited in Costa-Pierce 1992 , it is not clear whether this is due to direct predation by AC or competition for zooplankton prey. The potential for AC to consume larvae bears further investigation.
Nutrient loading had little influence on the effects of AC on the Lake Erie food web. In our model, higher nutrient loads acted to increase the biomass of all trophic groups, which buffered the effects of AC predation on lower trophic levels, decreased competition for food with other planktivores, and increased prey availability for piscivores. However, in contrast to the declines in biomass under other AC scenarios, the biomass of Walleyes and Yellow Perch increased under the AC_HP scenario. The biomass of Walleyes increased because of the substantial increase in prey provided by young AC, while that of Yellow Perch increased due to a higher biomass of young AC and Emerald Shiner prey and lower predation on Yellow Perch larvae by White Perch.
Asian carps had stronger effects on the Lake Erie food web when their biomass exceeded 200 kg/ha. These scenarios resulted in significant (>25%) decreases in the biomass of most piscivore, planktivore, omnivore, and zooplankton taxa. The model generated high adult AC biomass when the average predation mortality on age-0 AC was relatively low (mean instantaneous annual predation mortality rate D 3.1) and the average initial biomass of age-1C AC was relatively high (32.0 kg/ha); by contrast, it generated low adult AC biomass when the mean predation mortality rate was higher (4.0) and age-1C biomass was lower (6.8 kg/ha). High AC biomass scenario results occurred infrequently (i.e., in only 10 of 428 simulations, or 2.3%), suggesting that the Lake Erie food web as represented in our model is unlikely to support AC at the high biomass levels found in the Illinois and Mississippi rivers .
The Lake Erie food web may be less conducive to the high AC biomass levels that are found in the Mississippi and Illinois rivers. Comparison of the nutrient loads and biomass of lower trophic levels in these rivers ) with those in Lake Erie indicates that the Illinois-Mississippi River habitats had higher phosphorus concentrations, higher levels of chlorophyll a, and lower zooplankton biomass before the AC invasion than are found in Lake Erie (Table A. 2.4) . Agency reports of the net catches of fish in the Illinois River suggest that prior to the AC invasion the ratio of planktivore to piscivore relative abundance was relatively high (5.9-8.2 : 1; McClelland et al. 2012), compared with 4:1 in Lake Erie (calculated based on the biomass in Table 1 ). The higher levels of nutrients and phytoplankton biomass and the lower predation pressure in the Illinois and Mississippi rivers FIGURE 5. Simulated responses of total AC biomass (age-0 and age-1C Silver and Bighead carp combined) to scenarios with different levels of detritus in AC diets, including high detritus in the AC diet (AC_HD), low detritus in the AC diet (AC_LD), and no detritus in the AC diet (AC_ND), along with larval fish in the AC diet (AC_LF), and high nutrient loads to Lake Erie (AC_HP). The box-and-whisker plots indicate the median values (thin black lines), 25th and 75th percentiles (tops and bottoms of the boxes), 10th and 90th percentiles (vertical lines), and 5th and 95th percentiles (black dots). The thick black lines represent the mean values of all Ecosim simulation runs. Note that AC were introduced into the model in the second decade. 150 may result in higher AC population growth in those habitats. However, in the productive western basin of Lake Erie AC may reach high biomass levels and have more substantial effects on the food web than in the central and eastern basins.
Our model results for the effects on the food web of high AC biomass are similar in many respects to the reported impacts of AC in the Mississippi River drainage and elsewhere. In the Illinois River, Freedman et al. (2012) used stable isotope analysis to confirm diet overlap and potential competition between AC and native planktivores (Bluegill Lepomis macrochirus, Emerald Shiner, and Gizzard Shad) in areas where AC were most abundant. Garvey et al. (2012) and reported lower densities of copepods and cladocerans and higher densities of rotifers (due to predator release) in the Illinois River after the establishment of AC. The densities of other species in the lower Illinois River (Bigmouth Buffalo, White Bass, Black Crappie Pomoxis nigromaculatus, Freshwater Drum, Common Carp, and Sauger) also declined after the introduction of AC, likely as a result of competition for habitat and not for prey, as stable isotope analysis indicated less diet overlap with AC (Freedman et al. 2012) . Gizzard Shad densities declined, but not substantially. The biomass densities of AC in the lower Illinois River were much higher (190-250 kg/ha) than those we simulated for Lake Erie (50-100 kg/ha), but they were within the peak biomass values in the simulations we ran David Glover, Ohio State University, personal communication) . Garvey et al. (2012) reported no change in piscivore populations after AC became established in the Illinois River, although the diets of Largemouth Bass Micropterus salmoides included juvenile Silver Carp. In eutrophic lakes and reservoirs in Asia, Europe, and Israel (where AC have been introduced at high densities [>1,000 kg/ha]), AC have depleted large zooplankton grazers, leaving protozoans and small phytoplankton (Costa-Pierce 1992; Zhou et al. 2011) . Thus, in most systems where AC have been introduced at high densities, their effects have been greatest on the zooplankton community and the life stages of fishes that depend on zooplankton. In Lake Erie, we predicted relatively low impacts of AC on the crustacean zooplankton community because AC caused a decrease in the biomass of predaceous cladocerans (e.g., spiny water fleas Bythotrephes spp.) and planktivorous fishes, which were the major source of mortality on zooplankton prior to the invasion. Thus, the release from planktivore predation likely mitigated the impacts of AC on zooplankton.
We found few differences between our model predictions of AC biomass and their impacts on Lake Erie and those reported by Wittmann et al. (2015) . The experts FIGURE 6. Mean percent change in biomass from the baseline condition of no AC for model groups with AC invasion under the following scenarios: AC_HD, AC_LD, AC_ND, AC_LF, noAC_HP (a high phosphorus load with no AC), and AC_HP. The dashed lines represent §25% changes from the baseline condition. Error bars D SDs.
consulted by Wittmann et al. (2015) predicted that AC would reach an equilibrium biomass of 3.9-121.8 kg/ha, similar to the biomass range projected by our model. These experts also predicted that AC would have little impact on key species such as Walleyes, Gizzard Shad, and Rainbow Smelt and that the biomass of Yellow Perch would increase. Our model predicted minor declines for Walleyes and Rainbow Smelt under most of the simulation scenarios, and although it did not predict as large an increase in Yellow Perch biomass as Wittmann et al. (2015) , our predictions for Yellow Perch adults consistently increased across simulation scenarios except for the larval predation scenario.
Uncertainty analysis.-Asian carps can impact lower trophic levels and fish larvae at stocking densities exceeding 1,500 kg/ha (see Costa-Pierce 1992 for a review; Zhou et al. 2011) . Structured expert judgment helped us to estimate AC equilibrium biomass and the response of the Lake Erie food web to AC. The experts who were asked to define the equilibrium biomass of AC after their establishment estimated that AC would reach biomass levels similar to those of Gizzard Shad (29.0 kg/ha), the most abundant planktivore species in Lake Erie (Wittmann et al. 2015) . Our model simulations showed that at median equilibrium biomass and production AC would reach a biomass nearly twice as high as that of Gizzard Shad but that they would have relatively minor impacts on lower trophic levels in the Lake Erie food web. When the biomass of AC was high in our model (>200 kg/ha), the biomass of lower trophic levels decreased. The large variation around our model predictions resulted from the large range in FIGURE 7. Prey consumption of three piscivores-adult Walleyes, adult Yellow Perch, and Smallmouth Bass-in the baseline simulation with no AC and under the scenarios described in Figure 6 . 152 input values, which reflected the high uncertainty of experts concerning AC biomass, P/B, and the impacts on the Lake Erie food web.
Our assumption that SEJ estimates of the EwE input parameters followed a subjective probability distribution may have caused the high variability in the food web responses to AC. For example, the experts predicted that P/B values would range from 0.84 to 3.61 for both AC species (Wittmann et al. 2015) , which is logical given the uncertainty about AC performance in a new environment. However, empirical evidence suggests that P/B values for large and long-lived species are unlikely to be at the higher end of this range based on general relationships between water temperature, maximum size, and growth rate (Pauly 1980) . The wide range of input parameter values also contributed to the high variability around the mean responses to AC invasion.
The lack of data with which to consider the joint probabilities of model input parameters may have had an impact on our model results. The variability in our model projections of the impacts of AC may have been artificially low or high because we randomly and independently selected from subjective probability distributions of input parameter values to create balanced food web models before running our simulations. There is substantial evidence that life history traits (growth, mortality, and fecundity) are correlated; for example, high consumption rates (Q/B values) are often correlated with high growth and mortality rates (P/B values) in fish (Stearns 1992 ); if the model input parameters were correlated, the variability in our model projections may have been lower or higher. Even so, our approach to incorporating uncertainty into the EwE food web model represents a substantial advancement over prior attempts to forecast the impacts of invasive species.
Model assumptions and biases.-Our model analysis may have been biased by several assumptions. First, we assumed that the modeled environment of Lake Erie was uniform, with no differences between nearshore and offshore communities or among basins. In reality, there are substantial differences in depth, productivity, habitat type, and temperature among Lake Erie's three basins that influence the vital rates of the species and assemblages that occur in each habitat. In particular, AC may reach higher biomasses (>200 kg/ha) and have greater local impacts on the food web of Lake Erie's western basin than is reflected in the general results of our model ( Figure 6) . Moreover, our model environment did not include the tributary habitats that are common to western Lake Erie and that influence the recruitment and production dynamics of AC and other species (Reichert et al. 2010; Cudmore et al. 2012) .
We also assumed that predators had access to young AC throughout the year. However, young AC are known to reside in wetlands for much of their first year, and as a consequence may not be available to some predators during that time. Nevertheless, there are few remaining coastal wetlands in Lake Erie (Kowalski and Wilcox 1999) , so young AC likely would inhabit shallow nearshore areas and be available to the adult predators in our model (Walleyes, Yellow Perch, and piscivorous birds) and others (Northern Pike Esox lucius and Largemouth Bass) not included in our model. Studies of Grass Carp Ctenopharyngodon idella in ponds and small lakes indicate that predators such as Largemouth Bass preferentially consume them over smaller prey (Rottmann 1977) . Many of the Lake Erie piscivores identified through SEJ that would consume juvenile AC before they outgrow predator gape size are present (Northern Pike) or have congeners or functional equivalents in Russia (Zander Sander lucioperca, Eurasian Perch Perca fluviatilis, and Ide Leuciscus idus [Negonovskaya 1980] ) and in China (Chinese Perch Siniperca chuatsi [Liang et al. 2008] ) that are known to consume and control AC populations.
We ran simulations of the impacts of AC assuming that their prey have the same vulnerability to AC as to Gizzard Shad. Our analysis indicated that prey vulnerability would greatly affect the biomass of AC and their impacts. If plankton FIGURE 9. Prey consumption (bars) and annual predation mortality (lines) of predaceous cladocerans, herbivorous cladocerans, and copepods in the baseline simulation with no AC and under the scenarios described in Figure 6 .
prey are more or less vulnerable to AC than they are to Gizzard Shad, we will have under-or overestimated AC biomass and its impacts on the food web. Our model results were less sensitive to variability in the assumptions about the vulnerability of young AC to piscivores. Also not considered were the uncertainties in vulnerabilities inherent in resident species' predator-prey interactions. Such uncertainties may influence the overall impacts of AC on the food web. For example, if the vulnerability of Gizzard Shad to Walleyes is higher than we assumed-and thus the population dynamics of the two species are more tightly coupled-any change in Gizzard Shad biomass caused by AC will have greater impacts on Walleye biomass than were predicted by our model. We also assumed that the vulnerabilities of prey to predators were constant throughout the simulation. Langseth et al.'s (2012) method 4 indicated that the vulnerabilities associated with invasive species may change (especially at the beginning of the invasion) and can be calibrated with a biomass time series of the invasive species. However, we do not have time series data for an AC invasion of Lake Erie with which to define their prey vulnerabilities because AC have not yet invaded. More studies of the vulnerabilities of prey to AC are needed.
We assumed that the range of values for the Ecopath input parameters provided by the experts represents the likely growth, mortality (or P/B), and consumption of AC in Lake Erie. However, the range of the values they provided was much greater than in a recently conducted meta-analysis of AC vital rates and life history (Tsehaye et al. 2013 [see their Table 2] ). If AC become established in Lake Erie and their mortality is lower than predicted by the experts, our model results will have underestimated the biomass of AC and their impacts on the food web.
Finally, we assumed that the biomass of dreissenids (tissue only) was 3,181 kg/ha, an intermediate value between its peak biomass (approximately 6,753 kg/ha) in 2004 and a more recent value of approximately 1,115 kg/ha in 2011 . We anticipate that dreissenid biomass will continue to fluctuate over time as it approaches equilibrium levels. If dreissenid mussels continue to decline, our model results may underestimate the equilibrium biomass and potential FIGURE 10. Mean percent change in biomass from the baseline condition of no AC for model groups with high AC biomass (>200 kg/ha) under the scenarios described in Figure 6 . The dashed lines represent §25% changes from the baseline condition. Error bars D SDs. 154 impacts of AC because these mussels may compete with AC for plankton prey.
Conclusions and Future Work
The biomass of AC and their impacts on lower trophic levels were consistent in direction with but lower in magnitude than those observed in the Illinois River. Of course, changes in the lower part of the food web may be of direct concern to some stakeholders (e.g., baitfish harvesters and proponents of native biodiversity) and the impacts could be greater than average in some parts of Lake Erie, but in general our results suggest that the lakewide impacts on the Lake Erie food web will not be as great as some have feared as long as AC do not consume the larvae of percid sport fishes.
However, SEJ and our model results revealed that the high degree of uncertainty surrounding some parameter values (especially AC mortality rates, the vulnerability of prey to AC, the vulnerability of age-0 AC to piscivores, equilibrium biomass, and the magnitude of predation by AC on the larvae of piscivorous fish species) produces a high degree of uncertainty about the overall impact of AC on the food web. The error around the mean response to the introduction of AC was often as great as the mean itself. Additionally, even if the average model outcome applies to much of Lake Erie, there are likely parts of the lake-perhaps including parts that are important for fisheries or other human uses-that would experience the severe outcomes that occurred in some model simulations. Future research that narrows the uncertainty of key parameter estimates and considers the spatial heterogeneity of Lake Erie would greatly benefit those making decisions about Great Lakes management and policy.
Finally, managers and policymakers need to consider in greater detail how changes in the food web and other impacts that we did not consider may affect the public. A food web impact that is small from a lakewide fishery perspective may nevertheless shift the spatial distribution of ecosystem services or cause a large economic impact on one or more stakeholder groups. Also of importance are the risks that AC may pose to ecosystem services and economic activities that are not linked directly to food web impacts. Numerous Silver Carp jumping in response to recreational boats and jet skis could produce large changes in human use of Lake Erie independent of any food web impacts, as has occurred in the Mississippi River basin (Charlebois and Tepas 2011; Thomas et al. 2011) . Overall, future considerations of the impacts of AC at Lake Erie and other Great Lakes would benefit from an evaluation of the bioeconomic cost of invasions; this could be done by dynamically linking the EwE model to other frameworks for economic assessment (such as a computable general equilibrium economic model) to determine the regional economic costs of a biological perturbation to an ecosystem and the human uses of that ecosystem.
Appendix A.1: P/B Values for Asian Carps
This section describes how we partitioned the total P/B values predicted by experts into values for young-of-year and age-1C Asian carps (AC).
Survival rates for AC from time t 1 to time t 2 were calculated as N t2 N t1 D e ¡ t2 ¡ t1 ð Þ Z ; (A:1:1) where Z is the total instantaneous mortality rate (i.e., P/B) and t is age. Since age-0 fish live from 0 to 1 year, equation (A.1.1) becomes We use Silver Carp to illustrate how we calculated (P/B) Y for young-of-year AC and (P/B) A for age-1C fish: (P/B) Y for young-of-year Silver Carp includes two mortality terms, predation mortality and other mortality (natural mortality excluding predation mortality). Predation mortality was calculated based on predators' consumption (the product of the AC fractions in predators' diets, predator biomass, and predators' consumption-biomass ratio in Ecopath) and the biomass of young-of-year Silver Carp. Other mortality was assumed to be 1.6 (Naseka and Bogutskaya 2011). The total consumption of young-of-year Silver Carp by predators was 1.14 kg/ha/ year ¡ . As the initial biomass of young-of-year Silver Carp was 0.4 kg/ha, predation mortality was 2.85/year. Therefore, (P/ B) Y D (1.6 C 2.85)/year D 4.45/year. Since the maximum lifespan for Silver Carp is 15 years and the P/B value for Silver Carp selected from structured expert judgment is 1.08, equation . 
